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Visualizing T Cell Competition for Peptide/MHC
Complexes: A Specific Mechanism to Minimize
the Effect of Precursor Frequency
high-affinity clones expand at the expense of lower affin-
ity clones, progressively consuming Ag until only the
very highest affinity clones receive sufficient Ag signals
to ensure recruitment into the memory compartment. In
contrast, serial triggering of T cells (Valitutti et al., 1995)
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Australia 2042 requires the continued availability of peptide-MHC com-
plexes over prolonged periods of time, which is difficult
to reconcile with the existence of a mechanism whereby
Summary T cells sequester or destroy Ag in an analogous fashion
to B cells. Thus, it is not clear whether the superficial
In vivo antigenic competition of naive CD41 TCR trans- resemblance between affinity maturation in B and T cell
genic T cells was visualized by tracking cell division. responses reflects underlying similarities in the physical
Competition reduced both recruitment into cell divi- mechanism of competition or whether affinity matura-
sion and burst size per recruited precursor cell, min- tion of the T cell response is in fact achieved by a com-
imizing the effect of differences in precursor frequency pletely different process.
while maintaining the dose-response relationship with To obtain direct evidence that T cells compete for
antigen. Competition was restricted to T cells of the access to Ag in vivo, we have examined the dynamics
same specificity, indicating that cells were competing of T cell responses involving mixtures of T cells of
for access to Ag-MHC complexes rather than for Ag defined affinity. In this report, we present the results of
nonspecific factors. Moreover, the qualitative distinc- the simplest case of interclonal competition, namely,
tion between the responses to i.v. peptide and s.c. competition for Ag between precursors of the same
peptide/CFA was unaffected by precursor frequency. affinity. Use has been made of a high-affinity TCR trans-
These data explain the paradoxical ability of the im- genic (Tg) model to compare the response to a defined
mune system to tailor responses to the type and dose peptide administered in tolerogenic or immunogenic
of Ag even in individuals with large differences in initial form to animals with a 45-fold difference in the frequency
precursor frequency.
of CD41Tg TCR1 cells. The ability of different forms of
Ag to induce deletion versus memory was preserved,
Introduction
despite the change in precursor frequency. Thus, the
response to i.v. peptide involved Ag-specific activa-Affinity-dependent competition for Ag by B cells is an
tion, proliferation, and deletion, irrespective of precursoraccepted part of the T-dependent Ab response, ensur-
frequency, whereas s.c. peptide/CFA generated long-ing selection of the highest affinity B cell clones into the
lived cells of memory phenotype. Competition betweenplasma and memory cell pools. So far, only indirect in
T cells at the higher precursor frequency was indicatedvivo evidence of T cell competition for Ag is available,
by a reduction in the proportion of precursors recruitedalthough in vitro studies supporting its existence were
into the response and in the burst size per recruitedpublished more than 10 years ago (Ashwell et al., 1986,
precursor. Dose response curves indicate that the final1987). A number of recent reports have demonstrated
size of the immune response is a closer reflection ofthat high-affinity TCRs rapidly become dominant in the
the amount of Ag than of the precursor frequency. Toprimary immune response and are preferentially se-
determine whether competition was at the level of ac-lected into the memory response (McHeyzer-Williams
cess to specific peptide-MHC complexes, or to Ag non-and Davis, 1995; Busch and Pamer, 1999; McHeyzer-
specific factors such as APCs or cytokines, competi-Williams et al., 1999; Savage et al., 1999), suggesting
tion between two simultaneous, non-cross-reactive TCRthe existence of a mechanism of interclonal competition
Tg responses was studied. The data demonstrate thatfor T as well as B cells. While the majority of high-affinity
competition between Ag-specific CD41 T cells operatesAbs are generated by somatic mutation during the pri-
principally at the level of specific peptide-MHC com-mary response, affinity maturation of the T cell response
plexes.probably relies almost entirely on preferential expansion
T cell competition for Ag serves to compensate forof clones expressing unmutated TCRs, since the fre-
substantial differences in precursor frequency in an out-quency of somatic mutation of the TCR is very low
bred population, allowing the immune system to re-(Zheng et al., 1994).
spond in an Ag concentration-dependent manner whileAlthough the precise mechanism of B cell interclonal
retaining its precursor frequency-independent ability tocompetition is unknown, one commonly held view is
distinguish between deletional and immunogenic stim-that internalization and processing of intact Ag by the
highest affinity B cells denies access to Ag for lower uli. Two further consequences of T cell competition for
affinity B cells specific for the same or physically linked Ag are the failure of intact TCR Tg mice to give the
epitopes. Such competition becomes more intense as expected response to priming (Kearney et al., 1994) and
the need for repeated superantigen exposure to ensure
complete deletion of specific T cells (McCormack et al.,* To whom correspondence should be addressed (e-mail: b.fazekas@
centenary.usyd.edu.au). 1993).
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Figure 1. Division and Deletion of CD41 T Cells in Response to i.v. Peptide Is an Inverse Function of Initial Precursor Frequency
(A) Kinetics of the response to i.v. peptide in thymectomized 2D TCR Tg mice. Pooled lymph nodes (upper panels) and spleen (lower panels)
were removed at the indicated times following immunization with 10 mg MCC87-103 peptide, and the total number of CD41 T cells expressing
both chains of the Tg-encoded TCR (CD41Tga1 cells) was calculated by multiplying the percentage of cells determined by flow cytometry
by the total number of leukocytes recovered from each organ. Each point represents the mean of three to four mice with error bars indicating
SEM.
(B) Number of CD41Tga1 T cells 6 weeks after i.v. immunization with peptide. The data have been pooled from four separate experiments.
Since mice were age and sex matched within but not between experiments, the data have been normalized with respect to the mean number
of cells present in the PBS control group for each experiment. The mean value for each pooled group is represented by the bar.
(C) Kinetics of the response to i.v. peptide in adoptive non-Tg hosts of 3 3 107 lymphocytes from 2D TCR Tg mice. Mice were immunized
with 10 mg MCC87-103 peptide 2 days after cell transfer. The number of CD41 T cells expressing the Tg TCR in pooled lymph nodes (upper
panel) and spleen (lower panel) was calculated as described for (A). Each point represents the mean of three to four mice with error bars
indicating SEM.
(D) The number of CD41Tga1 T cells in pooled lymph nodes (upper panel) and spleen (lower panel) 6 weeks after i.v. immunization. The data
have been pooled from two separate experiments and normalized with respect to the mean number of cells present in the PBS control group
for each experiment. The mean value of the pooled data is represented by the bar.
(E) Division of CFSE-labeled CD41Tga1 T cells 3 days after immunization of adoptive non-Tg or Tg hosts. Upper panels are 5% probability
contours with outliers, gated for forward/side scatter, expression of CD4 and PI exclusion. Middle panels are dot plots of the Ly5.12 (donor)
Antigenic Competition in the T Cell Compartment
785
Results adoptive recipients of Tg T cells and to rule out
thymectomy as a cause of the disparity, CFSE-labeled
Kinetics of Expansion and Deletion of Specific T Cells lymph node cells from TCR Tg mice were transferred
in Response to i.v. Peptide Are Similar in Mice with into intact, nonthymectomized recipients that either did
a 45-Fold Difference in Precursor Frequency or did not express the TCR Tg. The percentages of
Our original experiments examining the response to 10 total (endogenous plus donor) cells expressing the Tg-
mg i.v. peptide (MCC87-103) were conducted in thymecto- encoded TCR specificity in the two types of recipients
mized 2D mice (in which 55%–65% of peripheral CD41 were 85%–90% and 1.5%–2%, respectively, giving a 45-
T cells expressed both chains of the Tg-encoded 5C.C7 fold difference in initial precursor frequency. Recipients
TCR [termed Tga1] ). The data demonstrated sequential were immunized intravenously with 10 mg MCC87-103 and
activation and deletion of Ag-specific T cells, with a LN, spleen, and peripheral blood were subjected to flow
relatively early peak in Ag-specific cell numbers in cytometric analysis at the peak of the response (day 3
pooled peripheral lymph nodes and spleen, followed by after immunization). The division profiles (Figure 1E)
a precipitous decline to below baseline levels by day 7 show that CD41Tga1 cells transferred to non-Tg recipi-
(Figure 1A). The response to the same dose of peptide ents had a larger burst size, having divided between
in adoptive non-Tg recipients of a cohort of 2D lympho- two and five times, while donor cells obtained from Tg
cytes (in which the final percentage of Tga1 cells within recipients divided only one to three times. Pooled data
the peripheral CD41 compartment was 1.5%–2%) dis- from three experiments involving 19 mice indicated that
played similar kinetics, with cell numbers declining the number of donor-derived divided CD41Tga1 cells
sharply between days 3 and 7 (Figure 1C), consistent was significantly higher in non-Tg recipients, whereas
with previously published studies of the response to i.v. the number of residual undivided cells was smaller (Fig-
peptide in a number of intact and adoptive transfer TCR ure 1F, p , 0.05, Wilcoxon Rank Sum test), consistent
Tg models (for example, Moskophidis et al., 1993; Kear- with increased recruitment into division in mice with
ney et al., 1994). At late time points (.6 weeks), deletion fewer precursors.
was apparent as a persistent decrease in the number To determine whether the difference in residual undi-
of peptide-specific CD41Tga1 cells, both in thymecto- vided cells was entirely attributable to differential re-
mized 2D mice and adoptive recipients of 2D cells cruitment into cell division, or whether differential cell
(Figures 1B and 1D). There were no significant changes death or recirculation was also implicated, the CFSE
in the number of CD41Tga2 cells during the course of
content of the total cohort of donor-derived CD41Tga1
the response (data not shown), indicating that activation
cells was calculated separately for lymph nodes and
and deletion of CD41Tga1 cells was Ag specific.
spleen, as described in Experimental Procedures. CFSEIn addition to confirming published reports that dele-
content provides an estimate of the total number oftion in response to i.v. peptide is preceded by active
precursors from which a mixed divided/undivided cellproliferation, these experiments suggested a correlation
population has arisen, by correcting the number of cellsbetween the degree of peptide-dependent proliferation
in each division peak for the increase due to divisionand efficiency of deletion. Thus, the number of peptide-
itself. The CFSE content/105 cells in the LN and spleenspecific cells in non-Tg adoptive recipients of Tg cells
from non-Tg and Tg recipients was not significantly dif-increased 10-fold by day 3 and then declined to less
ferent (193 6 22 versus 260 6 25 for non-Tg and Tg LN,than 30% of the PBS control by 6 weeks, whereas thy-
and 66 6 5.7 versus 76 6 6.6 for non-Tg and Tg spleen,mectomized Tg mice showed only a 2-fold increase on
respectively), indicating that the differences in the num-day 3 and an average deletion of only 50%. Since z25%
ber of undivided cells were substantially accounted forof peptide-specific T cells in this line of TCR Tg animals
by differential recruitment of precursors into divisioncoexpress an endogenously rearranged TCR a chain
and could not be attributed to differential cell death.and are thus of only low avidity for specific peptide
Since both groups of recipients received the same dose(Girgis et al., 1999), the data suggested that almost com-
of peptide, these data imply that an abnormally highplete deletion of in vivo peptide-reactive T cells had
precursor frequency can impose a severe limitation onoccurred in adoptive hosts of TCR Tg cells but only
the ability of individual T cells to participate in the im-partial deletion in intact TCR Tg mice. Taken together
mune response.with the difference in the degree of proliferation, the
experiment suggested an inability to recruit all the high-
Repeated Administration of Peptide Can Compensateavidity peptide-specific T cells into an Ag-specific re-
for the Effect of High Precursor Frequencysponse in intact TCR Tg mice.
The inability of a single dose of peptide to efficiently
delete all the peptide-specific T cells in intact TCR TgRecruitment into Cell Division and Burst Size
mice was reminiscent of the situation following superan-Are Inversely Related to Precursor Frequency
tigen administration (McCormack et al., 1993). BecauseIn order to investigate why proliferation and deletion
appeared to be less marked in intact Tg mice than in efficient deletion can be produced by prolonged expo-
CD41 cells in the upper panels. Lower panels are CFSE histograms of the boxed portions of the corresponding dot plots. The division number
is indicated above each peak.
(F) Numbers of divided and undivided donor-derived CFSE-labeled CD41Tga1 T cells in lymph nodes and spleen on day 3, calculated from
three replicate experiments, including the one described in (E). Numbers are expressed as a proportion of donor-derived B cells, to control
for minor variations in the number of donor lymphocytes administered to each host. For both divided and undivided populations, the two
groups are significantly different (p , 0.05, Wilcoxon rank sum test, Tg2 n 5 10, Tg1 n 5 9).
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Figure 2. Incremental Deletion of CD41 T Cells in Response to Repeated Doses of Soluble Peptide
Thymectomized 2D TCR Tg mice were administered 1 mg MCC87-103 peptide or PBS i.p. at weekly intervals. The percentage of circulating
Tga1 cells within peripheral blood CD41 cells was determined by flow cytometry 1 day before each immunization.
(A) Left panel: means of five mice per group are shown with error bars indicating SEM. The percentage of circulating Tga1 cells was shown
to be equivalent to the percentage within spleen and pooled lymph node when the mice were sacrificed at day 50 (data not shown). Right
panel: the percentage of circulating Tga1 cells 6 weeks after a single dose of 1 mg peptide i.p., shown for comparison.
(B) Left panel: expression of Tg-encoded TCR a chain by residual lymph node CD41 cells at day 50, comparing peptide- (heavy line) and
PBS-treated mice (fine line). Within the Tga1 compartment, expression of Tg-encoded TCR a chain is z2-fold lower, although the total number
of Tgalo cells is unchanged, indicating that such cells are resistant to deletion. Right panel: expression of CD44 by residual lymph node
CD41Tga1 cells at day 50. The tiny fraction of environmentally primed CD44hi cells (3.1% of initial CD41Tga1 cells) has been preserved, most
of the deletion occurring in cells that were originally CD44lo.
(C) Expression of CD44 by divided cells 3 days and 6 weeks after 1 mg peptide i.v. 5% density contours, gated for forward/side scatter,
expression of CD4 and Tga1 and lack of Ly5.1 (i.e., donor-derived cells).
sure to low doses of superantigen but not to a single memory cells are resistant to deletion by the intravenous
route (McCormack et al., 1994). Thus, in this experimentlarger dose, it has been concluded that duration of Ag
exposure is a crucial parameter in the decision between almost all naive high-avidity cells could be deleted by
administration of multiple discontinuous pulses of sys-tolerance and immunity (McCormack et al., 1993). How-
ever, it is also possible that recognition of a single dose temic peptide. This experiment supported a model in
which competition for a single dose of Ag prevented aof Ag is compromised at very high precursor frequency,
due to competition between T cells for access to Ag. proportion of Ag-specific precursors from responding.
Interestingly, analysis of the few cells that divided inAccording to this interpretation, effective deletion could
be induced by repeated short pulses of Ag, without response to Ag but were not deleted within 6 weeks
showed that they expressed low levels of CD44 (Figurerequiring continuous exposure. This hypothesis was
tested in the TCR Tg model. Thymectomized 2D mice 2C). Whether they had downregulated expression of
CD44 or whether they were selected for survival on thewere exposed to weekly doses of peptide by i.p. injec-
tion, a route that gives equivalent deletion to i.v. adminis- basis of expressing lower than average CD44 during
the initial proliferative response is not clear from thistration (data not shown). Since circulating T cells equili-
brate with those in secondary lymphoid organs within analysis.
7 days of i.p. peptide (data not shown), the time course
of deletion was followed by counting peripheral blood Effect of Ag Dose on Cell Division In Vivo
If the decrease in Ag-specific response per cell (Figurepeptide-specific T cells each week. A single dose of
peptide deleted approximately 50% of Ag-specific CD41 1) were due to a decrease in the amount of available Ag
per cell, then a similar pattern of changes in the CFSET cells (Figure 2A), consistent with the data in Figure 1A.
However, further doses of peptide continued to delete profile should be apparent if the dose of i.v. peptide Ag
were titered in animals with the same initial precursorcells, a plateau being reached after 3–4 doses. The Tga1
cells that were resistant to deletion were principally frequency. An example of such a dose/response titra-
tion, derived from i.v. immunization of non-Tg adoptiveCD44lo cells (Figure 2B) expressing reduced levels of
the Tg-encoded TCR a chain (Figure 2B) as a result of recipients of CD41Tga1 cells, is shown in Figure 3. The
initial precursor frequency in the host mice was 2.2%.expressing a second, endogenously rearranged a chain
(Girgis et al., 1999). In addition, the tiny CD41Tga1CD44hi The data indicate that changes in the pattern of recruit-
ment and burst size as a function of peptide dose werecompartment, primed by environmental Ag via its sec-
ond TCR, was preserved in its entirety, confirming that consistent with changes previously seen in mice with
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different precursor frequencies exposed to a constant
dose of peptide. Thus, 10 mg MCC87-103 administered to
mice with an 85%–90% precursor frequency (Figure 1E,
right panels) produced a profile analogous to that
achieved with a dose between 0.1 and 1 mg at a precur-
sor frequency of 2.2% (Figure 3). The 10 mg profiles for
precursor frequencies of 2% (Figure 1E, left panels) and
2.2% (Figure 3) were similar, the latter cells having on
average divided once more than the former. Calculation
of the changes in numbers of divided and undivided
cells at different doses of peptide (Figure 3B) indicated
once again that the number of undivided cells increased
at lower doses, consistent with reduced recruitment into
division.
To demonstrate that Ag dose affected cell division
independently of initial precursor frequency, the re-
sponse of CFSE-labeled T cells was compared in intact
TCR Tg and non-Tg recipients. Once again, recruitment
into division and burst size per recruited precursor was
a function of peptide dose, with the increase in initial
precursor frequency reducing both parameters at every
dose of Ag, except when recruitment reached the maxi-
mum (at 10 mg peptide in non-Tg hosts, Figures 4A and
4B). Moreover, a log/log plot of the total number of
divided cells versus peptide dose in the two different
groups of recipients (Figure 4C) indicated parallel re-
sponses, suggesting that the effect of peptide dose is
independent of the effect of precursor frequency. This
analysis also indicated that the 45-fold increase in pre-
cursor frequency increased the number of divided cells
by 8-fold, whereas the increase in divided cell number
for a 45-fold increase in Ag dose was 16-fold. Thus,
the size of the in vivo immune response was a closer
reflection of Ag dose than precursor frequency.
Effect of Precursor Frequency on the Response
to s.c. Immunization
To test whether the response to immunogenic peptide
also showed evidence of interclonal competition, thy-
mectomized TCR Tg mice and non-Tg recipients of TCR
Tg lymph node cells were immunized subcutaneously
with 10 mg MCC87-103 in CFA in two separate experiments.
In this case, the initial responses were localized to the
draining lymph nodes. Once again, the kinetics of the
two responses were similar (Figures 5A and 5B). In con-
trast to the response to i.v. peptide, s.c. peptide/CFA
induced a more prolonged response, which peaked
around day 7, rather than at day 3 (compare the kinetics
in Figures 1 and 5). At late time points (.6 wks), the
precursor frequencies relative to unimmunized controls
were also similar, being at most only a few-fold higher
than initial frequencies, although there was considerably
more variability in the peptide-immunized groups com-
pared with PBS controls. Because the amount of prolif-
eration in response to a given dose of s.c. peptide/CFA
Figure 3. Recruitment into Division and Burst Size Are Both a Func-
tion of i.v. Ag Dose when the Initial Precursor Frequency Is Constant
1.5 3 107 lymphocytes from 2D TCR Tg mice were CFSE labeled
and transferred into non-Tg hosts. Mice were immunized intrave- histograms of the boxed portions of the corresponding contour
nously with the indicated doses of MCC87-103 peptide 2 days after plots. Note the change of scale for the 100 mg profile, to accommo-
cell transfer. date the increase in specific T cells due to proliferation.
(A) Left-hand panels are day 3 profiles, expressed as 5% probability (B) Numbers of divided and undivided donor-derived CFSE-labeled
plots with outliers, showing cells gated for forward/side scatter, CD41Tga1 T cells in lymph nodes on day 3 (mean 6 SEM, n 5 2
expression of CD4, and PI exclusion. Right-hand panels are CFSE for each dose)
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Figure 4. Recruitment into Division and Burst
Size as a Function of i.v. Ag Dose for Two
Different Initial Precursor Frequencies
Lymphocytes (1.5 3 107) from 2D TCR Tg
mice were CFSE labeled and transferred into
Tg or non-Tg hosts. Mice were immunized
intravenously with the indicated doses of
MCC87-103 peptide 2 days after cell transfer.
(A) CFSE histograms gated for PI2Ly5.12
CD41Tga1 T cells in lymph nodes on day 3.
(B) Numbers of divided and undivided donor-
derived CFSE-labeled CD41Tga1 T cells in
lymph nodes on day 3 (mean 6 SEM, n 5 2–4
for each dose). The same number of undi-
vided cells is present in non-Tg recipients at
both 10 and 100 mg doses, indicating maximal
recruitment of high-avidity precursors.
(C) Number of divided CD41Tga1 cells 3 days
after immunization as a function of i.v. pep-
tide dose, showing data from the two experi-
ments shown in Figures 3A and 4A. Each
point represents an individual recipient, and
the line of best fit is indicated (R2 5 0.999 for
Tg2 group and 0.829 for Tg1 group).
can be quite variable from experiment to experiment, The data were also expressed in terms of the total
number of CD41Tga1 cells in each cell division in theparallel transfer of CFSE-labeled TCR Tg lymph node
cells to TCR Tg and non-Tg recipients was used to draining lymph nodes, as described in Experimental Pro-
cedures (Figure 5E). For non-Tg hosts, the donorcompare recruitment into cell division and burst size in
mice with a 45-fold difference in precursor frequency. CD41Tga1 cells were assumed to comprise the total,
whereas for Tg hosts, the proliferative response of hostThe day 3 differential in cell division by CD41Tga1 cells
in non-Tg and Tg hosts was even more pronounced than CD41Tga1 cells was assumed to be the same as that
of the donor-derived CFSE-labeled CD41Tga1 cohort.in the response to i.v. peptide (compare Figures 5C and
1E), with a 10-fold difference between the proportion of Although the total number of Tga1 cells was 10-fold
higher in the Tg hosts, the difference in the number ofdivided cells in the draining LNs and a 2-fold decrease
in the proportion of residual undivided cells (Figure 5D). divided cells was only 4-fold despite the 45-fold increase
in precursor frequency. This indicated that competitionOnce again, there was no division in the CD41Tga2
population, demonstrating the specificity of the re- was more intense than in the i.v. response, possibly
because the cells underwent more divisions. Compari-sponse (data not shown).
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Figure 5. Division of CD41 T Cells in Response to s.c. Peptide/CFA Depends on the Precursor Frequency
(A) Left panel: kinetics of the response in thymectomized 2D TCR Tg mice. Mice were immunized subcutaneously in hind footpads and base
of tail with 10 mg MCC87-103 peptide emulsified in CFA. Control mice received PBS/CFA. The draining nodes and nondraining lymph nodes and
spleen (data not shown) were removed at the indicated times, and the total number of CD41 T cells expressing both chains of the Tg-encoded
TCR were calculated by multiplying the percentage of cells determined by flow cytometry by the total number of leukocytes recovered from
each organ. Each point represents the mean of three to four mice with error bars indicating SEM. Right panel: number of CD41Tga1 T cells
6 weeks after s.c. immunization with peptide/CFA. The data have been pooled from three separate experiments. Since mice were age and
sex matched within but not between experiments, the data have been normalized with respect to the mean number of cells present in the
PBS control group for each experiment.
(B) Left panel: kinetics of the response to s.c. peptide/CFA in adoptive non-Tg hosts of 3 3 107 lymphocytes from 2D TCR Tg mice. Mice
were immunized with 10 mg MCC87-103 peptide 2 days after cell transfer. The number of CD41 T cells expressing the Tg TCR in draining lymph
nodes was calculated as described for (A). Each point represents the mean of three to four mice with error bars indicating SEM. Right panel:
the number of CD41Tga1 T cells in draining lymph nodes 6 weeks after s.c. immunization. The data have been normalized with respect to
the mean number of cells present in the PBS control group to allow comparison with (A). The mean value is represented by the bar.
(C) Division of CFSE-labeled CD41Tga1 T cells 3 days after adoptive transfer to Ly5 allelic non-Tg or Tg hosts. Upper panels show dot plots
of CFSE versus Tg TCR (a chain), gated for forward/side scatter, expression of CD4, and exclusion of Ly5.1 and PI. Lower panels are CFSE
histograms of the boxed portions of the corresponding dot plots.
(D) Numbers of divided and undivided donor-derived CFSE-labeled CD41Tga1 T cells in draining lymph nodes on day 3, calculated from the
experiment described in (C). Numbers are expressed as a proportion of donor-derived B cells, to control for minor variations in the number
of donor-derived cells administered to each host.
(E) Absolute numbers of CFSE-labeled CD41Tga1 T cells in each division peak in draining lymph nodes on day 3, calculated from the experiment
described in (C), as described in Experimental Procedures.
(F) Expression of CD44 by divided cells 3.5 days and 6 weeks after 10 mg peptide/CFA s.c. 5% density contours, gated for forward/side
scatter, expression of CD4 and Tga1, and lack of Ly5.1 (i.e., donor-derived cells).
Immunity
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son of the number of cells at each division indicated MBP-specific competition was also observed in this
that the numbers became even closer as the division experiment (Figures 6A, right panel, and 6C). In other
number increased (Figure 5E). Since differentiation of words, the response of MBP-specific cells was reduced
CD41 effector T cells has been shown to require several in MBP Tg hosts when compared with the non-Tg hosts.
cell divisions (Bird et al., 1998; Gett and Hodgkin, 1998; The number of divided cells in MCC Tg hosts was inter-
M. Bugeja and B. F. de St. G., unpublished data), these mediate between the MBP and non-Tg hosts, which may
data suggest that the number of differentiated cells was indicate that the high-affinity MCC-specific TCR could
very similar in the two responses. Thus, an increase in interfere with the lower affinity MBP response in an Ag
recruitment into cell division and burst size per recruited nonspecific manner (Figure 6C). Once again, both re-
precursor can compensate for a relative deficiency in cruitment into division and burst size were reduced si-
initial precursor frequency by more efficient generation multaneously.
of multiply divided, differentiated cells. Finally, to test that interclonal competition could be
In contrast to the response to i.v. peptide, divided detected between T cells derived from two independent
cells present at 6 weeks were uniformly CD44hi (Figure TCR Tg lines of the same specificity, a second strain
5F), as would be expected for true memory cells. We of MCC-specific TCR Tg mice was used. These mice
have demonstrated that such cells also manifest the express the AND receptor, which comprises the same
functional characteristics of memory cells, showing a b chain as the 5C.C7 receptor, paired with a different a
faster response to Ag and producing high levels of IFN-g chain, to give a receptor of very similar affinity for MCC
(B. F. de St. G., M. E. W., and E. Chan, unpublished (Kaye et al., 1989). When CFSE-labeled 5C.C7 Tg cells
data). were adoptively transferred into AND Tg versus non-Tg
hosts, the effect of the Tg host was the same as that
Precursor Frequency Influences Cell Division through seen previously for 5C.C7 hosts (compare Figures 6D
Competition for Peptide-MHC Complexes [right panel] and 6A [bottom left panel]). Conversely,
The data presented above are consistent with the propo- when AND Tg cells were transferred to 5C.C7 hosts,
sition that T cells compete for specific peptide-MHC burst size and recruitment were also decreased (data
complexes. However, given the unphysiologically large not shown).
number of precursors recruited into division in such Tg Collectively, these results demonstrate that the princi-
models, it is also possible that cells were competing for pal mechanism of in vivo competition between naive T
non Ag-related factors such as physical access to APCs cells of high affinity is Ag/MHC specific, such that cells
or their products. To distinguish between these possibil- bearing different receptors compete most effectively
ities, simultaneous responses to two independent, non- with one another when they recognize the same ligand.
cross-reactive antigens were investigated by combining This form of competition cannot therefore be attributed
cells from the 2D line of MCC87-103-reactive mice with to limited space or access to Ag-presenting cells.
those from a line of MBP-specific TCR Tg mice, recog-
nizing MBP peptide 1-11 in the context of IAu. Both the Discussion
MBP- and MCC-specific Tg lines were bred onto an F1
(H-2ku) background to prevent alloreactive effects and
Competition for Ag is generally accepted as the mecha-
allow each TCR to recognize its specific Ag in a common
nism underlying the phenomenon of affinity maturation
adoptive host. Neither TCR has any discernible cross-
in the B cell response. The data presented here indicatereactivity with the noncognate peptide under these cir-
that T cells also compete for peptide-MHC complexescumstances (S. Rodda and B. F. de St. G., unpublished
in an Ag-specific fashion, providing an analogous basisdata).
for in vivo affinity maturation in the T cell response.A 1:1 mixture of CFSE-labeled LN cells from MCC-
CFSE was used to visualize competition between T cellsand MBP-specific Tg mice was adoptively transferred
of the same affinity. Both the proportion of precursorsto three groups of H-2ku recipients: non-Tg, MCC-spe-
recruited into cell division and the burst size were influ-cific Tg, and MBP-specific Tg mice. The recipients were
enced by titration of either the initial precursor frequencythen immunized with a mixture of MCC87-103 and MBP1-11
(Figures 1 and 5) or dose of Ag (Figures 3 and 4). Impor-emulsified in CFA, the amount of each peptide having
tantly, competition was seen for titrations of antigen atbeen pretitered to give an approximately equivalent divi-
two different precursor frequencies (in intact TCR Tgsion profile in responding Tg T cells. The draining and
mice and following adoptive transfer), and the log/lognondraining LNs and spleen were examined 3 days after
functions of divided cell number versus antigen doseimmunization. Figures 6A (left panel) and 6B demon-
were parallel (Figure 4C), indicating the quantitative na-strate that the response of MCC-specific T cells was
ture of the effect.the same in both wild-type and MBP Tg hosts, despite
Indirect evidence of in vivo interclonal competitionthe presence of an anti-MBP response involving a large
between T cells of different affinities has previously beennumber of endogenous MBP-specific cells. On the other
derived from studies of average T cell affinity in primaryhand, the response of the adoptively transferred cohort
and secondary immune responses (McHeyzer-Williamsof MCC-specific cells was decreased in the presence of
and Davis, 1995; Busch and Pamer, 1999; McHeyzer-a simultaneous response by endogenous MCC-specific
Williams et al., 1999; Savage et al., 1999). It has alsocells in the MCC Tg host, as predicted on the basis of
been reported that the average TCR affinity is an inversethe previous experiments. Indeed, competition from the
function of Ag dose in vivo (Alexander-Miller et al., 1996;endogenous response at this low dose of MCC (200 ng)
Rees et al., 1999), providing further indirect evidencewas sufficient to suppress the adoptive response to a
level close to the limit of detection of the CFSE assay. consistent with the existence of interclonal competition.
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Figure 6. Competition between CD41 T Cells of the Same Specificity
(A) Transfer of CFSE-labeled, Ly5 allelic lymphocytes from 2D MCC-specific and MBP-specific TCR Tg H-2ku donors into syngeneic MCC-
specific TCR Tg, MBP-specific TCR Tg, and non-Tg recipients. Mice were immunized subcutaneously in hind footpads and base of tail with
a mixture of 200 ng MCC87-103 peptide and 55 mg MBP1-11 peptide emulsified in CFA and the draining and nondraining lymph nodes removed
on day 3. Left-hand profiles from draining nodes are gated for forward/side scatter, expression of CD4, Ly5.1, MCC-specific Tg TCR (a chain),
and PI exclusion. Right-hand profiles from draining nodes are gated for forward/side scatter, expression of CD4, Ly5.1, MBP-specific Tg TCR
(b chain), and PI exclusion.
(B and C) Numbers from the experiment described in (A), expressed as a proportion of donor-derived B cells.
(D) Transfer of CFSE-labeled lymphocytes from 2D MCC-specific TCR Tg donors into syngeneic non-Tg or AND MCC-specific TCR Tg
recipients. Mice were immunized subcutaneously in hind footpads and base of tail with 200 ng MCC87-103 peptide emulsified in CFA and the
draining lymph nodes removed on day 3. CFSE profiles are gated for forward/side scatter, expression of CD4, MCC-specific Tg TCR (a chain),
and PI exclusion.
However, the use of CFSE has allowed us to directly tion for Ag-MHC complexes allows the immune system
of outbred species to make appropriate responses tovisualize the effects of in vivo competition at the level
of individual responder T cells. Our data support the both self and foreign Ag, regardless of the wide variation
in affinities and frequencies of the TCRs selected by theearlier in vitro demonstration of competition between
high-avidity T cells for antigen (Ashwell et al., 1986, combination of MHC alleles present in each individual.
The effect of competition for Ag in such a model is1987).
Importantly, the data also demonstrate that the quality not only to ensure that cells of the highest affinity are
preferentially activated early in the primary responseof the immune response (i.e., its propensity to proceed
to deletion or to preserve a cohort of cells of memory but also to allow the amount of available Ag to serve as
a major determinant of the final size of the effector Tphenotype) is unaffected by the initial precursor fre-
quency (Figures 1 and 5). This finding is in contrast to cell response (Figures 4C and 5E). Such a conclusion
is also consistent with published studies of the CD81 Tprevious interpretations suggesting otherwise (Webb et
al., 1990). Thus, each naive T cell makes an independent cell response to lymphocytic choriomeningitis virus, in
which increasing the frequency of precursors recogniz-decision as to the appropriateness of tolerance or mem-
ory in response to a given antigenic stimulus. We have ing a single viral epitope had little effect on the final size
of the response either to that epitope or to a range ofpreviously hypothesized that such decisions are deter-
mined by APC-derived signals that reflect particular other epitopes involved in the same response (Butz and
Bevan, 1998). Also consistent with the studies of CD81properties both of the Ag itself (for example, requirement
for processing, expression of biochemical motifs which T cell responses is our observation that CD41 T cell
proliferation in response to Ag is highly specific, eventhe host recognizes as foreign) and the context of its
administration (such as route of administration and addi- when up to 25% of all CD41 T cells are actively dividing,
as in the draining LN of subcutaneously immunized Tgtion of exogenous adjuvant) (Fazekas de St. Groth,
1998). The existence of a mechanism of T cell competi- mice. Under such circumstances, production of immu-
Immunity
792
nostimulatory cytokines must be very high, yet by- cells than properties common to naive and primed cells,
stander CD41 T cells lacking Ag-specific TCRs remain such as proliferation.
undivided. These findings underscore the fact that TCR- It could be postulated on the basis of the data in Figure
dependent recognition of Ag is an obligatory precondi- 1 that interclonal competition may impact on efficient
tion for cell division in vivo. induction of peripheral self-tolerance. However, for dele-
In previous studies, the epitope-specific CD81 precur- tional responses to peripheral self-antigens, the contin-
sor number at which competition was evident was esti- ued presence of Ag will allow each high-affinity cell to
mated to be 6 3 104 per mouse (Butz and Bevan, 1998). be activated and deleted soon after leaving the thymus.
By contrast, the number of CD41 precursors transferred Thus, the number of precursors recognizing self-Ag at
to adoptive hosts in our study was 5–10 3 106, as one any one time is unlikely to be sufficient to allow cells to
of the aims of the study was to obtain accurate estimates escape deletion as a result of competition for self-Ag.
of precursor frequency at all points of the response. Competition for Ag may, however, have been responsi-
Thus, significant competition was probably occurring ble for inefficient peripheral deletion in earlier published
even at the lower precursor frequency in our studies. studies in which Ag was introduced acutely into an ani-
These constraints are difficult to avoid when using con- mal with a high precursor frequency. The enhanced abil-
ventional flow cytometric methods to estimate T cell ity of repeated Ag exposure to induce complete deletion
expansion kinetics in vivo: either the initial precursor was interpreted in that study as indicating a need for
number is too low to permit accurate measurement (Mu- continuous Ag exposure (McCormack et al., 1993). How-
rali-Krishna et al., 1998) or the final number is likely to ever, the data presented here indicate that repeated
have been reduced by significant antigenic competition discontinuous pulses of i.v. peptide are just as capable
during the course of the response (Butz and Bevan, of effecting complete deletion of high-frequency, high-
1998; our data). This may provide at least part of the affinity naive precursors, by means of sequential recruit-
explanation for the widely different estimates of average ment into the deletional response (Figure 2).
T cell burst size in different models. Those in which the This study describes the case in which competing
precursor frequency was high enough to be measurable naive T cells are stimulated simultaneously. Recently
before immunization have yielded estimates of the fold published data from other investigators indicate that
increase in the number of Ag-specific cells as low as preprimed CD41 T cells can prevent activation of a co-
10 (Kyburz et al., 1993; Kearney et al., 1995). In contrast, hort of naive T cells recognizing a different Ag on the
studies in which the initial precursor frequency was too same APC (Lake et al., 1999). The ability of regulatory
small to be measured accurately have reported in- T cells to suppress recruitment of naive T cells into the
creases of .20,000-fold for T cells expressing high- response appears to function as an affinity hierarchy,
affinity TCRs (McHeyzer-Williams et al., 1996; Murali- in which cells of a particular affinity can suppress only
Krishna et al., 1998). We have recently performed an cells of lower affinity (Anderton and Wraith, 1998). The
adoptive transfer experiment to test whether competi- data in Figure 6 suggest that such a hierarchy may func-
tion occurs at precursor frequencies between 1023 and tion to a lesser extent for simultaneous responses. Thus,
1026 (A. L. S. and B. F. de St. G., submitted). To overcome the high-affinity response to MCC was completely unaf-
the difficulty of accurately measuring precursor frequen- fected by a simultaneous response to the lower affinity
cies as low as 1026, five-color flow cytometry was used. ligand, MBP, whereas the MBP response showed partial
Our data indicate that even at precursor frequencies as suppression by a simultaneous MCC response. If one
low as 1025, detectable competition for antigen is seen, assumes that such hierarchies require a common APC
when compared with the lowest frequency tested, to function, then the APC becomes the unit of competi-
namely 1026. The expansion per precursor cell was at tion for T cells, just as the intact Ag, rather than individual
least 1000-fold at an initial frequency of 1026 but only epitopes, functions as the unit of competition for B cells.
10-fold at 1023.
Such an Ag hierarchy, functioning through the common
In addition to shedding light on discrepancies in esti-
mediator of an APC whose stimulatory capacity could
mates of T cell expansion in vivo, the data presented
be modulated by T cells, may serve as the physical basishere explain why previous investigators were unable to
for affinity maturation in the T cell response. In addition,find evidence of priming in intact TCR Tg mice (Kearney
alteration of APC function may be the mechanismet al., 1994). Since immunization would have generated
whereby regulatory T cells direct the differentiation ofonly a small number of divided cells in comparison to
naive T cells into regulatory rather than effector path-the number of naive Ag-specific cells (as is apparent
ways, as a means of maintaining nondeletional periph-from Figure 5C), the difference between “primed” and
eral tolerance. Thus, T and B cell responses may achievenaive responses, when calculated on a per cell basis,
the same end by radically different means.would have been much smaller than expected. Our own
studies on generation of CD41 T cell memory in thymec-
tomized TCR Tg mice indicate that both priming and Experimental Procedures
long-term memory can be detected when the experi-
Experimental Animalsmental protocol is designed to take competition for Ag
Transgenic mouse lines were bred and housed under specific patho-into account (B. F. de St. G., M. E. W., and E. Chan,
gen-free conditions at the Centenary Institute Animal Facility. Ap-unpublished data). Thus, properties of differentiated and
proval for all animal experimentation was obtained from the Institu-
memory cells that are not shared with naive cells, such tional Ethics Committee at the University of Sydney. The 2D line
as production of IFN-g, response to subthreshold doses TCR Tg line expressing the 5C.C7 receptor, which recognizes the
of Ag, and early recirculation after secondary challenge COOH-terminal epitope of MCC in the context of IEk (Fazekas de
St. Groth et al., 1992; Girgis et al., 1999), was maintained on aprovide a more sensitive method of detecting primed
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B10.BR (H-2k) background. For the original experiments in intact division itself. The number in the first division peak was divided by
2, the second by 4, and so on.H-2k Tg animals, mice were thymectomized to prevent the rebound
in Ag-specific cell numbers that occurs within 2–3 weeks of adminis-
CFSE content/105 cells 5 Sni x 105/(2i x N) wheretration of i.v. peptide (M. E. W. and B. F. de St. G., unpublished
ni 5 the number of cells in the ith division peak anddata). Thymectomy was performed at 4–6 weeks of age by aspiration
N 5 the number of cells analyzed.under anesthesia induced by 8 mg/kg ketamine (Ketapex, Apex
Laboratories, Sydney, Australia). Thymectomized mice used in any
Because it is difficult to distinguish division peaks as they approachgiven experiment were age and sex matched to control for the
the autofluorescence level of dividing cells, the calculation is notgradual decline in naive T cell numbers after thymectomy. For adop-
useful for i . 8.tive transfer experiments, the 2D line was crossed with C57BL/6
For calculation of the number of responder T cells in each CFSE(either the original Ly5.2 line or the congenic Ly5.1 B6.SJLPtprca
division peak in non-Tg recipients, the number was assumed to beline) to provide F1 (H-2bk) animals. For use in conjunction with the
the same as the number of donor CD41 Tga1 cells in any givenMBP-specific TCR Tg mice, the 2D line was crossed with B10.PL
peak, since Ag-specific donor cells comprised 1.5%–2% of totalto generate H-2ku F1 mice. Myelin basic protein (MBP1-11)-specific CD41 T cells, whereas the precursor frequency of MCC87-103-reactiveTCR Tg mice (Lafaille et al., 1994) (kindly provided by C. Janeway,
cells in the recipient non-Tg mice was known to significantly less
Yale University, New Haven, CT, at the fourth backcross onto
(,0.1% of total CD41 T cells [McHeyzer-Williams and Davis, 1995]).
B10.PL) were backcrossed to B10.PL (Jackson Labs, Bar Harbor,
For Tg recipients, the division peak distribution of unlabeled host-
ME) for a further four generations and then crossed with B10.BR to
derived CD41Tga1 cells (initially comprising 85%–90% of total CD41
provide H-2ku F1 mice for experimental use. A second line of MCC-
T cells) was assumed to be the same as that of the CFSE-labeled
specific TCR Tg mice, the AND line (Kaye et al., 1989), was kindly
donor-derived cohort of CD41Tga1 cells.
provided by E. Handman, Walter and Eliza Hall Institute, Melbourne,
Australia, after backcrossing onto a B10.BR background. AND mice
Acknowledgmentswere crossed with C57BL/6 mice to provide H-2bk donors of cells
for adoptive transfer.
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